Evaluation of the adequacy of field compaction of granular soils, has always been a challenge for geotechnical engineers. The Lightweight Dynamic Cone Penetrometer (LDCP) has been established as one of the most versatile techniques, as it significantly reduces the required effort and cost. This research has been conducted to correlate the readings of LDCP laboratory tests, to compaction parameters of cohesionless soils. An experimental program has been performed on four different types of granular soils, at various compaction levels and moisture content values. The investigated soils included two sandy soils with different gradation and two different admixtures of sand with crushed dolomitic limestone. A series of LDCP and sand-cone tests have been conducted on soil samples which were compacted in a cubic steel mold, 60cm side length. The laboratory results have been integrated into a number of predictive correlations, which are capable of assessing the soil compaction parameters including; relative compaction, relative density, dry density and uniformity coefficient. Moreover, the compacted granular soils were found to be more sensitive to changes of moisture content from the optimum value, at lower ratios of relative compaction.
INTRODUCTION
The quality of the compacted soil is routinely measured by comparing the field dry density with the laboratory compaction test results. For practical purposes, there is much interest in finding a quick positive way to assure the presence of the desired behavioral parameters of granular compacted soil. The Dynamic Cone Penetrometer (DCP) is one of the lowest-cost alternatives for characterization of the soil compaction. The device requires no electronics; it is durable, portable and easy to operate. Different variations of the dynamic cone penetrometers established across the years were described in several codes and researches such as; [1] [2] [3] [4] [5] [6] . In 2003, ASTM published the standard test method (D6951-03) for the Standard 8-kg (17.6-lb) Dynamic Cone Penetrometer, [7] . After that in 2008, ASTM published the standard test method for soil compaction determination at shallow depths using the 2.3-kg (5-lb) Lightweight Dynamic Cone Penetrometer (LDCP) (D7380-08), [8] .
Over the years, researchers have studied the relationship between the Standard 8-kg DCP results and the most common soil indices, such as the compaction properties, the soil type, modulus of subgrade reaction, Elastic modulus of soil, and strength parameters of soil, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
The lightweight 2.3-kg LDCP is a simple device, capable of being handled and operated by a single operator in field conditions. It is typically used in the compaction verification of soils, or modified material used in the subgrade, and backfill compaction in confined cuts at shallow depths.
Researchers have been studying the relationship between the LDCP results and some control design parameters of compacted soils, [19, 20] . The existing correlations between LDCP and the traditional cone penetration test CPT were examined by [21] and found to be not accurate for intermediate soils, ranges from silty sand to silty clay.
The good correlations that were detected between the number of blows (N) and the common soil parameters, nominated the LDCP to be an effective tool for identifying soil characteristics. In this research, the 2.3-kg LDCP has been adopted in an experimental study to establish reliable correlations for the assessment of compaction parameters of granular soils.
EXPERIMENTAL PROGRAM

Properties of The Tested Soils
In the current study, four different types of soil that are widely imposed in compaction works for construction purposes were considered to investigate the applicability of the LDCP test to such soils. Sieve analysis and modified Proctor compaction tests were conducted in the laboratory for each of these soils. Table 1 summarizes the results obtained for the investigated soil types including; their constituents, classification, maximum dry densities and the corresponding optimum moisture contents. In addition, the obtained minimum dry densities curvature and uniformity coefficients, are given. The first two types consist of pure sands with different gradations. Table 1 Results of sieve analysis and modified Proctor compaction tests for the soils tested using the LDCPTs.
* The crushed dolomitic limestone size ranges from 5 to 10 mm while the sand is medium to coarse.
Types III and IV are sands mixed with crushed dolomitic limestone (L.S.), with ratios (2 Sand: 1 L.S.) and (1 Sand: 1 L.S.), respectively.
Figures (1) and (2) assemble the particle size distribution curves and the compaction curves, for all the tested soil types. The summarizing figures reveal that as the soil coarseness increases, the maximum dry density increases and the optimum moisture content decreases. 
The Used Devices
Beside implementation of the lightweight dynamic cone penetrometer (LDCP), the standard sand-cone apparatus, which is commonly used to determine the dry density of compacted soils placed during construction of earth fills, was also used. Figure 3 shows a schematic and real shape of the 2.3kg LDCP that was manufactured according to ASTM standard specification (D7380-08). The lower shaft contains an anvil and a replaceable 25° cone tip. The upper shaft contains a 2.3 kg drop hammer with a 508 mm drop distance; a top grab handle is attached to the lower shaft through the anvil. All materials, except the drop hammer, are stainless steel for corrosion resistance purpose.
Sample Preparation
For laboratory investigation, compacted soil samples were prepared in a metal box (mold) of dimensions 60x60x60 cm, Fig. 4a . According to [18] , the chosen dimensions are expected to eliminate the confinement effect of the mold walls and base on the penetration testing results. The soil samples were compacted in the mold in five layers, each layer was 12 cm in thickness, as shown in Fig. 4b . A manual compaction hammer was employed to compact the soil within the mold. 
Experimental Work Program
An experimental work program was conducted on the four soil types to examine the applicability of the LDCP test in assessing soil compactness. As previously described, samples from each soil type were compacted in the 60-cm cubic mold, at different relative compaction values (R.C). Each sample was subjected to three LDCP tests and two sand-cone tests. Figure 5a illustrates the layout of locations of the sand-cone and the LDCP tests, performed on each sample. The description of the experimental work program is provided in Table 2 .
Testing Procedure
The dry density and the moisture content were routinely assessed for each compacted sample with the sand-cone test. On carrying out the lightweight dynamic cone penetration test (LDCP), two operators were working together; one person drops the hammer and the other records measurements.
The test begins with the operator place the LDCP tip at the test point, and the other person records the number of blows required for a prespecified penetration of 10 cm through the soil. Each test was carried out on 3 stages each stage was 10 cm deep, the total penetration depth for each test was 30 cm. For each test, the number of blows was recorded for each stage of the test. Figure 5b illustrates the three penetration stages, each of 10 cm thickness, that were executed in the current experimental work. 
TESTING RESULTS AND ANALYSIS
The results of the LDCP tests performed for each soil sample, to a total penetration depth of 30-cm depth (3×10cm), were expressed in terms of penetration index (PIc). The penetration index is defined as the penetration depth of the device into the soil for each blow (cm/blow). For each 10-cm interval, PIc was calculated as the average value of the three tests conducted in any mold, PIc = In addition, in-situ dry densities obtained from the sand-cone tests, combined with the modified Proctor compaction test results, were used to calculate the relative compaction (R.C) and the relative density (Dr) for all the examined samples, and Dr =
Variation of The Penetration Index with Depth
For the tested soils, Fig. 6 presents the relationships of the penetration index (PIc) versus depth for samples prepared at different relative compaction values. As shown in the figure the PIc decreases with depth for all relative compaction values. The figure exhibits also that, the PIc values of the upper first ten-cm are significantly deviated from those of the other two intervals, as the soil is still not confined enough to produce reliable resistance.
The following sections summarize the predictive equations that were derived for the examined soil types, on the basis of the LDCP test results of the second 10-cm penetration interval, rather than the third interval. The reason is that the majority of the second interval data has produced a higher coefficient of determination values than the third interval, which indicates more accurate best-fit lines.
Relative Compaction Predictive Equations
For all soil types I to IV, relationships between relative compaction and penetration index of the 2 nd interval, are compiled in Fig. 7 . As shown in the figure, R.C values of some samples have exceeded 100%, indicating a compaction effort that was higher than the exerted by modified Proctor test. The figure confirms that increasing the soil coarseness decreases the penetration index values at the same relative compaction. This can be attributed to the point that, as the soil gets coarser, it gains higher dry density that makes to increase its strength and consequently, its resistance. The established equations for the soil types I to IV are, respectively, given by: 
The data in Fig. 7 is expressed in a different way in Fig. 8 . In this figure, the number of blows (N) (for the second 10cm depth interval) is used instead of the penetration index (PIc) in Fig. 7 .
The figure shows, roughly, that at a relative compaction more than 95%, at least 7 blows are required for sandy soils, 9 blows for a replacement soil mix of 2 sand : 1 crushed dolomitic limestone, and 15 blows for a soil replacement of a mix of 1 sand : 1 crushed dolomitic limestone. Fig.6 The penetration index (PIc) versus depth at different relative compaction values for the four soil types.
Soil type I
Soil type II
Soil type III Soil type IV Fig.7 The relationship between relative compaction and penetration index for the second testing interval. Fig.8 The relationship between relative compaction and number of blows (N) for the second testing interval. Figure 9 compiles the experimental data of the four types of soils, to determine the relationships between the relative density and the penetration index. The figure confirms that increasing the soil coarseness results in lower penetration index values, at the same relative density.
Relative Density Predictive Equations
The estimated equations for the soil types I to IV are, respectively, given by: 
Soil IV: D r = −151.19 PIc + 172.57 (8) Fig.9 The relationship between relative density (Dr) and penetration index for the second testing interval.
Dry Density Predictive Equations
In this section, equations for prediction of the field dry density (γd) from LDCP test results, were derived for the four examined soils. Figure 10 exhibits the relationship between the dry density and the penetration index for the 2 nd interval. To obtain more precise equations, the odd values of the laboratory test results of each of the tested soils were omitted. The estimated equations for the soil types I to IV are, respectively, given by: 
Soil IV: γd = -0.44 PIc + 2.397 (12) Figure 10 shows that, soils type I and II exhibit lower dry densities and, consequently, higher penetration indices than soils type III and IV. This may be referred to the existence of the crushed stone in soils III and IV that increases the stiffness of the soil and consequently the penetration resistance. Fig.10 Relationship between the dry density (γd) and the penetration index of the second testing interval.
Moisture Content Predictive Equations
The experimental data of the LDCP tests conducted on the four soil types, at different moisture content values are compiled in Fig. 11 . A linear regression model with a correlation coefficient of 0.45, has been constructed to show the effect of water content on the PIc value. The general trend of the obtained relationship indicates increasing penetration index with the increase of moisture content, for water content range of 3% to 10%, according to the following equation:
Wc % = 2.83 PIc + 2.84 (13) Fig.11 Variation of the penetration index with the water content value.
To have more significant correlations, the deviation of the actual water contents from the optimum moisture content was investigated at two practical values of relative compaction. The difference (wc% -omc %) was plotted against the LDCP blow count (N), at relative compaction values of 95% and 98%, Fig. 12 . The figure delineates that, as the water content difference gets lower, the number of blows (N) required to penetrate the soil reduces. It is obvious that, the rate of blow count (N) variation with water content difference, is significantly higher for case of R.C. equals 95%, compared with that at 98% R.C. In other words, the sensitivity of compacted granular soils due to variation in water content difference, increases at lower ratios of relative compaction. However, further testing is required to develop a more robust correlation for water content versus LDCP test results.
Uniformity Coefficient Correlations
For more significant and applicable correlations, further three soils were tested at 95% and 98% relative compaction values. Table 3 presents the classification, the compaction test results and the coefficient of uniformity C u (Cu = D60/D10) obtained for these soils. The coefficient of uniformity Cu was plotted against the LDCP blow count (N) at relative compactions of 95% and 98%, as shown in Figs. 13 and 14, respectively. The figures show that the upper boundary values are obtained for soil types having sand portions less than 50%, mixed with crushed dolomitic limestone. Whereas, the lower boundary values are related to the soil types having sand portions equal to or more than 50%. The figures reveal that, as the coefficient of uniformity increases; the soil exhibits a greater LDCP blow count (N), indicating a denser compacted state (because a wider range of particle sizes is present). The average curves between lower and upper boundaries in both cases of relative compaction values, 95% and 98%, are represented by the following two equations, respectively: N = 6.64 0.31 (14) N = 9.12 0.26 (15) 
CONCLUSIONS
The current study was conducted to experimentally identify some of the properties of the granular soils using the lightweight dynamic cone penetrometer (LDCP) device. Relationships to assess the relative compaction, relative density and dry density of the compacted granular soils, were established from the obtained results of the considered four types of granular soil. Although some relationships between some soil properties and the penetration index (PIc) showed some scatter, the general trend indicated that increasing the dry density leads to a decrease in the penetration index. However, when all laboratory data were combined, satisfactory relationships were established. The conclusions obtained from this study can be summarized as follows: 1. The LDCPT results of the upper first 10-cm interval are so deviated from those of the other intervals, as the soil is still not confined enough to produce consistent results. The results of the second (middle) 10-cm interval are more consistent. 2. For the investigated soils, relationships between the penetration index (PIc) and each of; the dry density (γ d), relative compaction (R.C), and relative density (Dr), show that the PIc decreases with increasing the soil dry density, and consequently with increasing each of relative compaction and relative density. 3. At the same value of any of the investigated compaction parameters, an increase of the soil coarseness produces lower penetration index values. 4. The sensitivity of compacted granular soils due to variation in water content difference (wc% -omc %), increases at lower ratios of relative compaction. 5. As the coefficient of uniformity Cu increases, a denser compacted state can be achieved, and thus the soil exhibits a greater LDCP blow count (N). 6. The LDCP test can be used as a quality control tool for field compaction works for sandy soils and mixtures of sand with crushed stone.
